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NOMENCLATURE 
Ll Test tube length furn 
t Test tube thickness mm 
t Time s,ms 
Hl Distance between injection port and 
test tube free end mm 
H2 Height of injection port above distributor mm 
Ftotal Total force N 
Etotal Total energy J 
Meq Equivalent mass of test tube kg 
Ceq Actual damping of the system Ns/m 
Keq Equivalent spring stiffness of tube N/m 
fn Natural frequency HZ 
e Damping ratio 
ex Strain µm 
D. Deflection mm 
Um Standard deviation of Meq kg 
Uc Standard deviation of Ceq Ns/m 
u e Standard deviation of e 
\ 
FBC Fluidizea bed combustion 
SB Single bubble 
DB Double bubble 
g Gravitational acceleration m/s2 
hl Height of the cavity of a leading bubble m 
X 
h2 Height of the cavity of a trailing bubble m 
Ll Distance between the bottom of the tube and 
the nose of a leading bubble m 
L2 Distance between the bottom of the tube and 
the wake of a leading bubble m 
L3 · Distance between the bottom of the tube and 
the wake of a trailing bubble m 
s Standard error 
N Number of data points 
Dl Diameter of a SB or diameter of the leading bubble of a DB m 
D2 Diameter of the trailing bubble of a DB m 
Vl Rise velocity of a SB or the wake velocity of 
the leading bubble of a DB m/s 
V2 Wake velocity of the trailing bubble of a DB m/s 
Tl Time interval of a single bubble or time 
interval of the leading bubble of a DB ms 
T2 Time interval of the trailing bubble of a DB ms 
Maxenl Maximum energy of impact of a SB or maximum 
energy of impact of the leading bubble of a DB J 
Maxen2 Maximum energy of impact of the trailing bubble of a DB J 
. Impl Impulse of impact of a SB or impulse of impact of 
the leading bubble of a DB Nms 
Imp2 Impulse of impact of the trailing bubble of a DB Nms 
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ABSTRACT 
Recent studies have shown that the high velocity wakes formed by the vertical 
coalescence of two bubbles cause particularly high rates of erosion on the tube surface 
in a fluidized bed. In the present study, the dynamic characteristics of a single bubble 
and a coalescing bubble pair are examined to reach a better understanding of 
bubble/tube interaction mechanisms. 
A horizontal aluminum tube, fixed at one end in a fluidized bed, was used as 
the test section. A high speed video system was used for flow visualization. This made 
it possible to measure frontal diameters and velocities of the bubbles. Signals from 
strain-gauges, located on the bottom and top surfaces of the tube, were stored and 
processed by a digital data acquisition system. These signals were used to develop a 
computer simulation, the results of which show that the tube response i_s a good 
representation of bubble loading on the tube. Based on this, the information from the 
strain-gauge signals was used to estimate various parameters related to the dynamic 
response of the tube, such as maximum energy and total impulse transferred to the 
tube by bubble loading. 
Results of the measurements and estimations show that the' occurence of the 
vertical coalescence of a bubble pair results in an increase in bubble wake velocity, 
maximum energy and impulse transferred to the tube by bubble loading. The increase 
in these parameters is more substantial in the case of coalescence at the tube than 
that in the case of coalescence above or below the tube. 
-1-
1. INTRODUCTION 
The use of fluidized bed combustion (FBC) for industrial and commercial 
purposes has increased rapidly in previous years. Although FBC's typically have 
excellent combustion performance, high rates of rrietal loss from the surfaces of heat 
exchanger tubes in fluidized bed combustors has arisen as a serious problem. This 
erosion on the surfaces of the tubes which occurs due to mechanical removal of tube 
material by particles in the fluidized bed has been a subject of investigation. Recent 
experiments by Levy and Bayat [6) have shown that when a bubble pair coalesces 
beneath the tube, a high velocity jet of bed material rises up out of the wake of the 
trailing bubble. Because of this high wake velocity, bubbles in the process of 
coalescing as they strike a tube are more damaging to the surfaces than a single 
bubble (7). In the study presented in this thesis, the dynamic characteristics of 
bubble/tube impacts are analyzed. Some important characteristic parameters such as 
bubble diameter and velocity, maximum energy and total impulse transferred to the 
tube by a bubble impact are examined and relations and correlations between these 
parameters are shown. 
Experimental set-up and development of the computer simulation are 
described in Chapters 2 and 3. In Chapter 4, measurements of the parameters of the 
bubble/tube interaction and the results of these measurements are presented. Based 
on these results, characteristics of single and double bubbles are explained. Finally, 
the results of the measurements are used to make correlations among the parameters 
in Chapter 5. The correlations of these parameters are presented in various graphs. 
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2. APPARATUS AND EXPERIMENTAL SET-UP 
2.1. Experimental Set-Up 
The experiments were performed in a 760 mm x 760 mm square cross-section, 2.44 
m high cold model fluidized bed (Figure 2.1). The side walls are 6.35 mm thick steel 
plates and the front and back walls are made of 19 mm thick plexiglass to permit 
visualization of the bubbles. The fluidized bed is bolted on top of a 305 mm high steel 
plenum box. This box delivers supply air to the bed and supports the distributor 
plate and the weight of the bed material. A 9.53 mm thick perforated steel plate, with 
a woven ·steel wire cloth glued t? its top surface to prevent bed particles from flowing 
back into the plenum box, serves as the gas distributor . The distributor plate gives 
relatively high pressure drop to ensure uniform gas flow across the bed cross section 
[1]. The air flow is supplied to the system from two compressors capable of delivering 
0.42 cubic meters per second at 600 kPa pressure. Graded silica sand was used as bed 
material for the experiments described in this thesis. 
In order to determine the force on the tube due to a bubble impact, a thin wall 
aluminum tube was used as the test section. The tube was horizontal and it was 
supported at one end as a cantilever beam (Figure 2.2). The free end of the tube was 
very close to the plexiglass front wall of the bed, permitting visualization of the 
bubble/tube impacts. Measurement of the motion of the tube was carried out by 
analog electrica~ signals from strain gauges mounted longitudinally on the lower and 
upper surfaces of the tube's fixed end. 
( 
A bubble injection po~t was installed at the bottom of the plexiglass front wall 
-3-
\_ 
and directly below the free end of the immersed tube. This made it possible to inject 
bubbles very close to the plexiglass front wall so that measurements of the velocities 
and diameters of the bubbles could be performed easily. 
· In order to control the air flow into the injection port, a solenoid valve was 
connected to the port. An electronic switch was used to activate the solenoid valve 
(Figure 2.3). This switch was able to control the length of the time the valve was 
open and the interval between valve openings, making it possible to control both 
bubble size and frequency. In order to regulate the supply of air flow into the bed, a 
pressure regulator and a hand operated valve were installed on the line just before the 
solenoid valve. More details about the experimental set-up are given by Bay at [1] and 
Ayalon [2]. 
Some of the critical dimensions in the experimental set-up are summarized in 
Table 1 (see Figure 2.2). 
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Table 1. Dimensions of the test tube and installation information [2}. 
Tube length : 
Tube diameter : 
Tube wall thickness : 
Distance between injection 
port' and tube free end : 
Height of injection port 
above distributor: 
L1 = 284 mm 
O.D. = 25.4 mm 
I.D. = 24.13 mm 
t = 0.635 mm 
H1 = 381 mm 
H2 = 135 mm 
2.2. Instrumentation For Flow Visualization 
Flow visualization was done with a Video Logic Instar high speed video system. 
The system is capable of recording and playing 120 frames per second. The camera is 
equipped with a close-up zoom lens making it possible to view bed phenomena at 
distances as close as 15 cm. The system has a slow motion feature which allows the 
user to view the recording, frame by frame. Viewing speed can be selected as slow or 
fast motion.The video system is equipped with two synchronized Instrobe 90 
projectors to help in obtaining good contrast and high quality recordings . 
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2.3. Tube System Characteristics 
The dynamic response of the tube to bubble loading was 3"sumed to be governed by 
the second order differential equation 
- F (t) (1) 
where Meq is the equivalent mass of the tube, Ceq is the actual damping of the 
system and Keq is the equivalent spring stiffness of the tube. 
In order to solve the equation above, the unknown constants Meq , Ceq , Keq 
needed to be determined. In order to accomplish this, a series of step excitation 
experiments was performed in the fluidized bed for two different cases : 
1-When there was no sand in the bed (empty bed). 
2-When there was sand in the bed and the bed was maintained at a superficial 
gas velocity of 270 mm/s, the minimum fluidization velocity [2]. 
When the bed was empty, different counterweights changing from 0.113 kg to 
1.82 kg were hung at the free end of the tube by means of a string. The deflection and 
the analog output signal from the strain gauges were calibrated under stationary load 
conditions. In order to initiate the experiments, the string was cut and the tube was 
allowed to move freely. Analog electrical signals from the strain gauges were recorded 
versus time for each experiment. It was found that [2] both the deflection and the 
gauges were linear for each applied force from minimum up to the maximum force 
which was about 18 N (see Table 2). · 
'-
The equivalent spring stiffness of the tube (Keq) was found from the 
force - deflection ratio ; that is Keq = F / ~ . 
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· By measuring the time period of the wave signal and using the logaritmic 
decrement to determine the amount of damping in the system, the other unknown 
constants of the system Meq and Ceq were calculated [2]. The mean values and the 
standard deviations of the constants are given in Table 3. More details about the tube 
system characteristics are given by Ayalon [2]. · 
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Table 2 - Short tube static calibration and placement ( Ayalon, 2) 
F 
Force 
[lb] 
0.25 
0.5 
1 
2 
3 
4 
fx Scope 
Strain Voltage 
[NT] [µs] [mvJ 
1.11 -44 19 
2.23 -86 39 
4.46 -169 77 
8.92 -332 150 
13.38 -498 225 
17.84 -664 302 
279 
265 
272 
(all dimensions are in mm) 
-11-
A 
[mm] 
0.242 
0.495 
Front Plastic r Wall 
Table 3- Summary of tube vibration characteristics ( Ayalon, 2) 
Minimum 
Air fluidization (empty bed) condition 
Meq [kg] 0.0295 0.0325 
Um * [kg] 0.00015 0.00065 
NS 
1.21 16.7 ceq [-] m 
* NS Uc [-] 0.33 1.2 m 
N 
Keq [-] m 36,000 36,000 
fn [HZ] 175.8 167.5 
l; 0.0185 0.245 
CJ l; 0.005 0.013 
* um and u c are standard deviations 
-12-
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3. SIGNAL ANALYSIS 
3.1. Tube Response to Bubble Injection 
In order to observe the tube response in the bubbling experiments, single and 
double bubbles were injected into the fluidized bed from the injection port and typical 
strain versus time signals occuring during the rise of the bubbles were recorded (see 
Figure 3.1 for typical single bubble and Figure 3.2 for typical double bubble signals). 
As the free end of the tu be moved vertically, the deflection caused an axial strain in 
the tube wall at the top and bottom of the horizontal tube. This strain, measured by 
strain gauges, was proportional to the vertical displacement of the forced end of the 
tube. 
3.2. Computer Simulation 
A computer simulation was developed to determine if the strain measurements, 
taken near the cantilevered end of the tube, accurately portrayed the vertical loading 
on the tube at the point of bubble impact near the free end. For the simulation, a 
mathematical model of the detector (vibrating tube) was devised and the measured· 
output of the detector was used as the force input to the mathematical model. With 
such an approach and in the case where the computed results show that the output of 
the model matches the, input, then the model transfers the input into output without 
alteration. Furthermore, if the model is an accurate representation of the detector, 
this then indicates that the detector transforms the input force loading into output 
strain without alteration. 
-13-
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The model structure chosen was, as mentioned earlier, a simple linear spring-lumped 
mass-viscously damped system. The resulting second order differential equation was 
solved by using a fourth order Runge - Kutta method. Figures 3.1 and 3.2 show the 
measured tube response for single and double bubbles, respectively. These signals, 
obtained by the data acquisition system in the laboratory, were used as the excitation 
function F( t) in mathematical model1 for computer simulation. The results of the 
simulation are plotted with an expanded time scale in Figures 3.3 and 3.4 for single 
and double bubbles, respectively. Both input (F) and output (x) are plotted m 
nondimensional form. Figures 3.3 and 3.4 show that the basic forcing profile is 
faithfully reproduced by the tube response (2]. 
The simulation results indicated that the tube response is a good indicator of 
the input bubble loading. Therefore, the instrumented tube could be used to analyze 
various types of bubbling phenomena and dynamic characteristics of bubble-tube 
impacts as explained in the following chapter. 
3.3. Plotting The Data 
"'~ order to perform experiments on the dynamic response of the tube in the 
fluidized bed to bubble impacts, a digital data acquisition system was developed for 
storing and processing the strain gauge signals. The data were stored in bytes in the 
data file and a computer program was written to store the data. To plot the data, the 
Grapher.exe program was used and another computer program was written to 
convert the stored data file into Grapher readable format (The reader is referred to 
the Grapher Information Manual, by Golden Software,Inc. for .complete details on 
using Grapher). 
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Figure 3.4- Computer simulation of tube response ( Ayalon, 2) 
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3.4. Calculating Force, Energy and Impulse on The Tube 
The force on the tube at any instant of time, i.e.,corresponding to any particular 
point in the bubble signal, was calculated using equation (1), or 
F d2x dx total (t) = Meq dt2 + Ceq dt + Keq x 
where Meq (d2x/dt2) is the component of the force corresponding to the acceleration 
of the tube, Ceq (dx/dt) is the component corresponding to the velocity of the tube 
and Keq x is the force component due to the position of the tube. It was found 
that the dominant force component is that due to the position of the tube and this is 
almost equal to the total force [3]. 
The kinetic energy of the tube at any instant of time is calculated as 
; Meq (dx/dt)2 and the potential energy of the tube is calculated as ! Keq x2 . 
The damped energy of the tube is calculated as the integral over t of the quantity 
Ceq ( dx/dt)2 and represents the energy transferred from the tube to the bed by 
viscous damping. The total energy transferred to the tube over the time interval from 
0 to r was calculated as : 
Etotal (t) = ! Meq (1~)2+ ! Keq x2 t J 0r Ceq (1~)2 dt (2) 
Finally, the integral of the force on the tube with respect to time is equal to 
the total impulse imparted to the tube during the time interval u'hder consideration. 
That is, 
Imp = J 07 Fdt. (3) 
-19-
4. RESULTS OF THE MEASUREMENTS AND ESTIMATIONS 
4.1. Bubble Types and Coalescence Phenomenon 
Bubbles are formed in the bed by injecting air through the injection port. As a 
bubble rises upward in the bed after injection, the upper boundary, or the nose of the 
bubble strikes the bottom of the tube first and this is then followed by the impact of 
the wake of the bubble. By adjusting the time the valve is open, bubbles of different 
sizes can be obtained, with larger bubbles being formed when the valve is opened for 
longer periods. 
In addition, by adjusting the delay time between injection of two consecutive 
bubbles, different bubble types can be obtained. When the delay time is long, the 
bubbles do not affect each other and each of them acts by itself. In this case, they are 
called single bubbles (see Figure 4.la). When the delay time is short, the trailing 
bubble catches the leading bubble and they coalesce, with the nose of the trailing 
bubble entering the wake of the leading bubble. The coalescence of a bubble pair can 
occur in different positions with respect to the tube. Therefore, the following 
assumptions were introduced to classify the coalescence phenomenon : 
1- When the nose of the second bubble (trailing bubble) enters the wake of the 
first bubble (leading bubble), the bubble pair is assumed to be coalesced. This bubble 
pair is called a double bubble (DB). 
2- If a DB coalesces just beneath the tube or at the tube level, this bubble 
pair is called a DB coalescing at the tu be level ( see Figure 4.1 b). 
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Figure 4.1- Bubble types: a) Single bubble b) Double bubble coalescing at tube level 
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d) Double bubble coalescing 
3- When a DB· coalesces somewhere below .the tube level, this bubbie pair is 
called a DB coalescing below the tube level (see Figure 4.lc). 
4- When a DB coalesces somewhere above the tube level, this bubble pair is 
···,, called a DB coalescing above the tube level (see Figure 4.ld). 
Using the assumptions above, double bubbles were classified and defined by 
Bayat [1] according to the position of the bubbles with respect to the tube at the 
moment of coalescence. In order to make this classification clearer, measurements 
were performed to determine the position of a bubble pair at the moment of 
coalescence. The distances of three different points of the bubble pair with respect to 
the bottom of the tube (Ll,L2,L3) were chosen to state the position of the tube (see 
Figure 4.2). 
L1 
L2 
L3 
y y 
a b 
Figure 4.2- Distances us-ed to state the position of a bubble pair with respect to the tube 
a) DB coalescing below tube level b) DB coalescing at tube level 
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Ll is the distance between the bottom of the tube and the nose of the leading bubble. 
L2 refers to the distance from the wake of the leading bubble to the bottom of the 
tube. L3 shows the distance between the wake of the trailing bubble and the bottom 
of the tube. The tube we used for the experiments has a 2.54 cm outside diameter. 
Measurements were performed for 10 sample bubble pairs. Results of these 
measurements are given in Table 4 for the cases of a DB coalescing at tube level and 
a DB coalescing below tube level. The averages of Ll, L2 and 13 are also given for 
both cases. The results in Table 4 indicate that in the case of a DB coalescing at the 
tube, the leading bubble surrounds the tube at the moment of coalescence and the 
wake of the leading bubble is in the neighborhood of the bottom of the tube (The 
average Ll is negative and the average 12 is very close to zero). However, in the case 
of a DB coalescing below the tube, the nose of the leading bubble either has not 
reached the tube yet or is about to reach the tube. 
When coalescence occurs below the tube level, the bubble pair becomes a 
si~gle bubble before striking the tube. Similarly, when coalescence occurs above the 
tube level, the leading bubble of the bubble pair strikes the tube first and it is then 
followed by the impact of the trailing bubble. The bubbles coalesce after each has 
struck the tube and they appear as two single bubbles hitting the tube in sequence. 
However, both in the case of a coalescence below the tube and in the case of a 
coalescence above the tube, the dynamic characteristics of the bubbles are different 
from those of single bubbles. In particular, the velocity, energy and impulse of a single 
bubble are not equal to those quantities either in the case of a bubble pair coalescing 
below tube level or a bubble pair coalescing above the tube. This result will be seen 
more clearly in the data given in section 4.3 of this chapter and in different graphs 
given in chapter 5. 
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Table 4. Location of a bubble pair with respect to. the bottom of the tube 
at the moment of coalescence. 
DB below tube DB at tube 
Dl(m) Ll(m) L2(m) L3(m) Dl(m) Ll(m) L2(m) L3(m) 
0.1397 -0.0254 0.0508 0.1397 0.1905 -0.0762 -0.0127 D.1397 
0.1905 -0.0381 0.1143 0.1651 0.2032 -0.1016 0.0000 0.1524 
0.1524 0.0254 0.0889 0.1651 0.2032 -0.0762 0.0000 0.1270 
0.1461 0.0381 0.1143 0.1905 0.1778 -0.0889 -0.0127 0.1397 
0.1270 0.0127 0.0889 0.1651 0.1651 -0.1016 0.0000 0.1397 
0.1524 -0.0127 0.0635 0.1397 0.1270 -0.1016 -0.0127 0.1524 
0.1651 0.0381 0.1143 0.2032 0.1206 -0.0762 0.0000 0.1397 
0.1270 -0.0127 0.0635 0.1524 0.1397 -0.0889 0.0000 0.1397 
0.1715 0.0000 0.0889 0.1651 0.1905 -0.1143 0.0000 0.1270 
0.1588 0.1270 0.0889 0.1651 0.1524 -0.0889 -0.0127 0.1270 
Averages: 0.0114 0.0876 0.1651 Averages: -0.0914 -0.0051 0.1384 
4.2 Measurements of Parameters 
In experiments performed by Bayat [1], single and double bubbles were 
analyzed and it was found that a bubble pair coalescing at tube level is more 
damaging to the tube than a single bubble. The objective of the present work is to 
examine the impulses and energies of impacts of bubbles when they strike the tuJJei 
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Furthermore, bubble velocities, bubble diameters and the time between the 
instants when the nose and the wake of a bubble strikes the tube· are measured. The· 
interactions of these parameters are explained. 
Bubble diameters and bubble velocities were measured below the tube level 
just prior to impact using the Instar video system and by analyzing the bubbles frame 
by frame. Maximum energies, impulses and time intervals were obtained from the 
graphs plotted by using the Grapher software with the data taken from the 
experiments made in the laboratory. 
For velocity measurements, a reference point below the tube level was chosen 
and the distance (x) between the reference point and the tube was measured. By 
measuring the transit time (t) of the bubble between the reference point and the tube, 
the velocity of the bubble was determined (V = x/t ). Measurements were performed 
to determine the rise, or the wake velocity of a single bubble (Vl) and both the wake 
velocity of the leading bubble (Vl) and the wake velocity of the trailing bubble (V2) 
of a coalescing bubble pair (See Figure 4.3). 
Frontal diameters of bubbles were measured from the video screen. In the case 
of coalescence, the frontal diameter of the trailing bubble becomes smaller while its 
length increases (Figure 4.3). 
Transfer of energy to the tube due to bubble impact was calculated usmg 
equation (2) as was explained in the previous chapter. In Figure 4.4, energy is plotted 
versus time. Maximum energies correspond to the energies that are measured at the 
peaks of signals. As can be seen from the signals in Figure 4.4, the maximum energy 
of the trailing bubble is larger than that of the leading bubble in a coalescing bubble 
pair. 
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Figure 4.3- Velocities, diameters and heights of bubbles ,n a bubble pa,r. 
In Figure 4.5, the force due to bubble impact is plotted versus time. The total 
impulse imparted to the tube during the time interval under consideration 1s 
calculated by the integration of the force with respect to time. 
J Fdt1 represents the impulse of the leading bubble and J Fdt2 refers to the 
impulse of the trailing bubble for a double bubble (DB). In order to calculate f Fdt1 
for a DB, the time interval of the trailing bubble (T2) was used for the integrntion 
(See Figure 4.5). The smallest measured time interval value (T2) was 90 ms. Hence, 
the time interval value for integration must be smaller than 90 _ms, otherwise we 
would be in the region of J Fdt2 • Therefore, the difference between the upper _and 
lower limits of integration· was chosen to be 80 ms. Only positive force values are 
considered for the integration (y axis starts from zero). The lower limit of integration 
·" 
starts when the wake of a bubble strikes the tube. 
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For the leading bubble of a DB, the. integration starts when the ~ake of
 the 
leading bubble strikes the tube and it stops 80 ms later. Similarly, for 
the trailing 
bubble of a DB, the integration starts when the wake of the trailing bubble
 strikes the 
tube and it also stops 80 ms later. In Figure 4.5d, for example, the inte
gration is 
performed from 4370 ms to 4450 ms for the leading bubble and from 4510 m
s to 4590 
ms for the trailing bubble. 
Another important parameter is the time interval of a bubb.le. For a si
ngle 
bubble and for the leading bubble of a DB, the time interval is defin
ed as the 
interval between the instants when the nose and the wake of a bubble
 strikes the 
tube. The time interval of the trailing bubble of a DB, on the other hand
, is defined 
as the interval between the instants when the wake of the leading bubb
le and the 
wake of the trailing bubble strikes the tube. Because the time interval o
f a bubble 
depends mainly on the diameter and the velocity of the bubble, this par
ameter was 
expected to be useful for determining bubble diameter. The measured tim
e intervals 
are shown in Figure 4.5. Tl corresponds to the time interval of a single b
ubble and 
the leading bubble of a DB and T2 is the time interval of the trailing bubbl
e of a DB. 
4.3. Results of The Measurements and Characteristics of 
Single and Double Bubbles 
Measurements of the bubble velocities, bubble diameters and time interv
als 
and. calculation of the maximum energies and impulses of impacts due
 to bubble 
loading were performed for approximately 120 single and double bubbles o
f diffferent 
sizes. Sizes of the bubbles range from 6.35 mm to 20.32 mm. 
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The results of the measurements are given in Table 6 for single bubbles, in 
Table 7 for double bubbles (DB) coalesdng below the tube, in Table 8 for. DB 
coalescing at the tube and in Table 9 for DB coalescing above the tube. In addition, 
the average of each parameter for each bubble type for the bubble diameter range 
mentioned above is calculated and is given below in Table 5. 
Table 5. Average values of parameters for different bubble types. 
Single Bubble DB coal. below DB coal. at DBcoal.above 
Dl (m) 0.169 0.157 0.159 0.155 
02 (m) 0.127 0.132 
Vl (m/s) 0.676 1.357 1.167 1.023 
V2 (m/s) 2.141 1.665 
Tl ( millisecond) 171.16 163.18 133.34 153.57 
T2 (millisecond) 105.84 147.14 
Maxenl (J) 0.000587 0.00095 0.00081 0.00142 
Maxen2 (J) 0.002314 0.002229 
lmpl (N) 269.13 346.90 141.00 324.57 
lmp2 (N) 434.00 319.80 
The results of the measurements show that different bubble types have 
different characteristics. Information given in Table 5 can be used to describe 
characteristics of single and double bubbles. 
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Table 6. Measured values of some important parameters ~~. the case of single 
bubbles. 
D1 ( m) V1 ( misc ) T1 (millisec) Maxen1 (J) lmp1 (Nms) 
0.1905 0.76 170 · 0.000545 360 
0.1587 0.85 160 · 0.000236 215 
0.2032 0.76 200 0.000810 415 
0.1905 0.76 210 0.000384 320 
0.1778 0. 76 180 0.000592 370 
0.1587 0.95 165 0.001480 370 
0.1524 0.95 170· 0.000326 251 
0.1397 0.95 165 0.000935 350 
0.1524 0.85 165 0.000935 360 
0.1778 0.75 200 0.000648 360 
0.2032 0.84 210 0.001483 528 
0.0889 0.57 175 0.000429 224 
0.1270 0.68 160 0.000675 320 
0.1206 0.62 180 0.000687 360 
0.1016 0.61 190 0.000377 256 
0.1270 0.65 170 0.000769 368 
0.0889 0.60 150 0.000595 320 
0.0762 0.50 130 0.000232 160 
0.0762 0.46 170 0.000123 102 
0.0762 0.48 170 0.000209 160 
0.0635 0.37 120 0.000094 91 
0.0889 0.57 155 0.000597 318 
0.0825 0.56 180 0.000418 232 
0.0825 0.53 190 0.000432 264 
0.1143 0.65 165 0.000639 165 
0.1016 0.61 160 0.000504 160 
0.1016 0.64 165 0.000488 165 
0.1460 0. 71 175 0.000753 175 
0.0952 0.62 165 0.000603 165 
0.1143 0.67 170 0.000625 170 
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Table 7. Measured values of some important parameters ,n the case of double 
bubbles coalescing below tube level. 
01 ( m ) V1 (misc) T1 (millisec) Max en 1 (J) lmp1 (Nms) 
0.1397 1.17 100 0.00058 306 
0.1905 1.27 170 0.00120 420 
0.1524 1.52 180 0.00100 356 
0.1460 1.09 160 0.00080 375 
0.1270 1.52 170 0. 00059 260 
0.1524 1.27 175 0.00105 402 
0.1651 1.27 160 Q.00130 369 
0.1270 1.52 170 0.00104 310 
0.1714 1.38 165 0.00123 337 
0.1587 1.27 165 0.00095 323 
0.2032 1.27 180 0.00081 358 
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Table 8. Measured values of some important parameter~, in the case of double . 
bubbles coalescing at tube level. 
01 ( m) V1 (misc) T1 (millisec) Maxen1 (J) lmp1 (Nms) 
0.1905 1.09 1 1 5 0.00025 30 0.2032 0.95 160 0.00075 140 
0.2032 1.01 140 0.00049 75 0.1778 1.09 170 0.00017 248 
0. 1651 1.27 145 0.00110 270 
0.1270 1.09 1 1 0 0.00095 160 
0.1206 1.09 120 0.00099 163 
0.1397 1.27 125 0.00131 197 
0.1905 0.95 155 0.00045 52 
0.1524 0.95 130 0.00145 150 
0.1143 1.27 1 1 0 0.00125 137 
0.1333 1.27 120 0.00105 70 
D2 ( m) V2 (misc) T2 (millisec) Maxen2 (J) lmp2 (Nms) 
0.1270 2.18 100 0.00220 413 
0.1460 1. 91 110 0.00280 504 
0.1524 2.20 115 0.00128 333 
0.1143 2.18 100 0.00250 503 
0.1270 2.18 110 0.00250 480 
0.1016 2.54 120 0.00185 316 
0.1143 2.54 120 0.00235 -- 340 
0.1270 2.54 100 0.00265 462 
0.1524 1. 91 90 0.00224 470 
0.1270 2.18 11 0 0.00260 470 
0.1143 2.18 105 0.00245 495 
0.1206 2.18 90 0.00235 422 
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Table 9. Measured values of some important parameters ,n the case of double 
bubbles coalescing. above tube level. 
D1 ( m) V1 (misc) T1 (millisec) Maxen1 (J) lmp1 Nms) 
0.1587 1.09 160 0.00078 297 
0.1524 0.85 150 0.00079 121 
0.1524 1.09 140 0.00230 182 
0.1397 1.09 170 0.00100 521 
0.1778 1.09 160 0.00120 256 
0.1905 1.09 160 0.00130 517 
0.1397 0.85 140 0.00060 345 
0.1524 1.09 130 0.00230 280 
0.1270 0.95 135 0.00110 280 
0.1270 0.85 180 0.00092 440 
0.1651 1.09 150 0.00122 496 
0.1587 1.09 150 0.00152 233 
0.1397 1.09 135 0.00071 400 
0.2032 0.84 190 0.00025 176 
D2 ( m) V2 (misc) ·T2 (millisec) Maxen2 (J) lmp2 (Nms) 
0.1397 1. 91 135 0.00242 385 
0.1397 1.52 1 1 0 0.00290 292 
0.1270 2.54 100 0.00270 368 
0.1397 1.38 210 0.00068 208 
0.1270 2.18 1 1 5 0.00246 440 
0.1270 1.52 150 0.00245 320 
0.1397 1.53 150 0.00210 280 
0.1270 1. 91 140 0.00290 308 
0.1270 1.91 140 0.00240 232 
0.1270 0.95 235 0.00035 120 
0.1333 1.52 165 0.00255 395 
0.1143 2.18 120 0.00270 370 
0.1143 1.91 150 0.00245 370 
0.1651 1.53 140 0.00215 390 
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A single bubble has a .,relatively slow velocity, because there is no effect of 
another bubble on it. When coalescence occurs, the leading and trailing bubbles affect 
each other, with the trailing bubble always being faster than the leading bubble in a 
coalescing bubble pair. 
The time interval ·of a single bubble and the leading bubble of a DB (Tl) 
depends mostly on the diameter and velocity ·of the bubble. The time interval of the 
trailing bubble of a DB (T2) depends also on the type of the coalescence as well as 
bubble velocity and diameter. Because, in the case ·of a DB coalescing at the tube, 
bubbles strike the tube in a quick succession. In the case of a DB coalescing above the 
tube, on the other harid, the leading and trailing bubbles appear as two single bubbles 
striking the tube in sequence. Therefore, T2 of a DB coalescing at the tube is smaller 
then T2 of a DB coalescing above the tu be. The most distinctive property of the time 
intervals was observed for the trailing bubbles of a DB coalescing at the tube. In this 
case, T2 is relatively smaller than those of the other bubble types and is quite 
consistent having an average value of 105 ms with a standard deviation of 9.7. This 
characteristic can be useful for distinguishing the DB coalescing at the tube from the 
other bubble types. 
Due to their slow velocities, the maximum energies of single bubbles are less 
than those of double bubbles. The maximum energy of the trailing bubble of a DB is 
always larger than that of the leading bubble due to the high velocity of the trailing 
bubble. The most distinctive property of the total impulse imparted to the tube was 
observed in the . ease of a DB coalescing at the tube. In this case, the leading bubble 
transfers the smallest impulse and the trailing bubble imparts the largest impulse to 
the tube in comparison with the other bubble types. This conclusion can be verified 
by the signals in Figure 4.5c. 
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Impulse, as was mentioned before, corresponds to the area under the curve in 
·~ the signals for the time under consideration as was shown in the figure. The smaller 
the area under the curve, the less impulse is imparted to the tube. A comparison 
between the areas under the first peaks of the signals in Figure 4.5 shows that in the 
case of DB coalescing at the tube, the area under the first peak which corresponds to 
the impulse of the leading bubble is much less than those of other bubble types. This 
result can be a useful criterion to recognize the bubble pairs coalescing at the tube. 
As stated above, the coalescence phenomenon increases the wake velocities, 
maximum energies and impulses of the trailing bubbles of bubble pairs. The 
velocities, ii:npulses and energies have their largest values when coalescence occurs at 
the tube level. This result can be observed in the following comparisons as well. 
Table 5 compares the average velocity of the wakes of the trailing bubbles to 
the average velocity of single bubbles for all the measured bubbles with a diameter 
range from 6.35 mm to 20.32 mm. The largest ratio is obtained for bubbles coalescing 
at the tube: 
V2avg (DB coalescing at tube) 
V avg ( single bubbles) 
V2avg (DB coalescing above tube) 
Vavg (single bubbles) 
Vlavg (DB coalescing below tube) 
Vavg (single bubbles) 
3.1 
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2.4 
2.0 
When the same comparison [ V2avg(DB)/Vavg(single bubbles) ] \Vas made for 
the case where diameters of the leading bubbles of coalescing bubble pairs and 
diameters of single bubbles are identical, the ratios obtained in the order given above 
were 2.6, 2.0 and 1.4. 
If a similar comparison is made for the average maximum energies of ·the 
bubbles having a diameter range from 6.35 mm to 20.32 mm, a DB coalescing at the 
tube again gives the largest ratio : 
Maxen2avg (DB coalescing at tube) 
Maxenlavg ( single bubbles) 
Maxen2avg (DB coalescing above tube) 
Maxenlavg (single bubbles) 
Maxenlavg (DB coalescing below tube) 
Maxenlavg (single bubbles) 
3.94 
3.79 
1.62 
Similarly, the comparison of the impulses imparted to the tube by the bubbles 
of the same diameter range (6.35 mm - 20.32 mm) also show that, a DB coalescing at 
the tube has the greatest effect on the tube : 
lmp2avg (DB coalescing at tube) 
lmplavg (single bubbles) 
-37-
r 
1.61 
lmp2avg (DB coalescing above tube) 
Imp lavg ( single bubbles) 
lmp,!avg (DB coalescing below tube) 
lmplavg (single bubbles) 
1.18 
1.28 
Along with the comparison above, another interesting comparison of impulses 
can be done for the same bubbles as follows : 
lmplavg (DB coalescing at tube) 
Implavg (single bubbles) 
Implavg (DB coalescing above tube) 
Implavg (single bubbles) 
0.52 
1.21 
These two comparisons of impulses indicate that when a bubble pair coalesces 
at the tube, the leading bubble imparts the smallest impulse on the tube while the 
trailing bubble imparts the greatest impulse on the tube among all bubble types. This 
result can be used to distinguish a DB coalescing at the tube from the other bubble 
types. 
The results of the measurements and calculations which are given above can 
also be used to determine which bubble type is more damagipg to the tube. The 
amount of damage caused by an impacting bubble is related to the energy of impact 
and this depends on the velocities with which the wake strikes the tube [1]. 
-38-
( 
--:-.J 
It was shown in the ratios given in this section that in the case of a DB 
coalescing at the tube, larger energy and wake velocity values were obtained. 
Therefore, it can be interpreted that double bubbles coalescing at the tube are more 
damaging to the tube than the other bubble types. Furthermore, double bubbles 
coalescing above the tube and double bubbles'coalescing below the tube can be ranked 
9-S the second and the third most damaging, respectively, bubble types to the tube. 
Finally it can be said that single bubbles are the least damaging bubble type. 
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5. CORRELATION OF PARAMETERS OF BUBBLE/TUBE INTERACTION 
5.1. Bubble Velocity Versus Bubble Diameter. 
Both bubble velocities and bubble diameters were measured below the tube 
level, that is, just before the bubbles struck the tube. It was observed that when the 
bubble diameter increased, the bubble veiocity increased as well. In the case of a 
single bubble, the bubble wake arrives at the tube with a velocity equal to the bubble 
rise velocity. The isolated rise velocity of a single bubble is given as [4] : 
v1 = o.11qg*D1 (4) 
where Vl is the bubble rise velocity, g is the gravitational acceleration and Dl is the 
bubble diameter. If the effect of the trailing bubble on the leading bubble is neglected, 
., 
equation (4) can be used to find the isolated rise velocity of the leading bubble of a 
double bubble (DB) as well. 
With the data obtained from the measurements, bubble velocity and bubble 
diameter were plotted for different bubble types. Bubble velocity versus bubble size is 
given for single bubbles in Figure 5.1 and for DB coalescing at the tube level in Figure 
5.2. Graphs for the other bubble types (DB coalescing below the tube and above the 
tube) are provided in Appendix 1 in Figures 1 and 2. In each graph, two curves are 
given. One is a curve fit of the measured values and the other is a plot of equation 
(4). In addition, the standard error, a measure of the scatter about the curve, is 
supplied by the quantity : 
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S = E (Y-~st)2 (5) 
where Y is the measured bubble velocity and Yest represents the value of Y 
estimated from the curve fit. N is the number of data points. 
For single bubbles and the leading bubbles of coalescing bubble pairs, good 
agreement is obtained between the two curves. However, the measured values for the 
wake velocity of the trailing bubbles are consistantly higher than the values obtained 
from equation (4). This result confirms that the wake velocities of the trailing bubbles 
are much larger than the wake or isolation rise velocities of the leading bubbles. 
Figure 5.3 compares the results for all the bubble types. 
Results of previous investigators have shown that during an interaction 
between bubbles, the trailing bubble has only a very small effect on the motion of the 
leading bubble [5]. Figure 5.3 confirms that Vl (wake velocity of single and the 
leading bubbles) behaves differently from V2 (wake velocity of the trailing bubbles) 
and the effect of the trailing bubbles on the motion of the leading bubbles during the 
coalescence is not significant. 
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Figure 5.1- Bubble rise velocity versus bubble diameter in the case of single bubbles. 
Velocities and diameters were measured below the tube level just prior to impact. 
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Figure 5.2- In the case of double bubbles coalescing at the tube , a) Wake velocity of 
leading bubble upon impact with the tube versus diameter of leading bubble. b) Wake 
velocity of trailing bubble upon impact with the tube versus diameter of trailing bubble. 
Velocities and diameters were measured below the tube /eve/ just prior to impact. 
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Figure 5.3- Bubble velocity versus bubble diameter for all cases of different bubble types. 
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5.2. Time Interval Versus Bubble Diameter 
Information on the time interval of a bubble can be used to determine the size 
of the. bubble if a correlation can be obtained between them. ·Measurements have 
shown that when bubble diameter increases, time interval between the nose and the 
I 
wake of the bubble increases as well. Attempts to obtiin a correlation between 
diameter and time interval of a bubble have shown that the time interval of a bubble 
changes proportionally to the square root of the bubble diameter. This occurs because 
the diameter of a bubble changes linearly with the height of the bubble, or D = A*h 
where A is a constant and h is the height of the bubble cavity. In addition, the 
~ 
relation between bubble velocity and diameter is given by equation (4) or, in general, 
Vl = B*~Dl where Bis another constant. Therefore, 
(6) 
By arranging equation (6); 
(7) 
where C is another constant. 
By using equations ( 4) and (7), another eq.uation which also contains bubble 
velocity can easily be derived. This is simply : r .. 
(8) 
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where Eis another constant. Table.IO, which is given in the following page, shows the 
correlated data points between V1*Tl and equivalent bubble diameter for single 
bubbles. From these values the constant E in equation (8) was obtained. A graph is 
also provided in Figure 5.4a to show. how V1*Tl changes with equivalent bubble 
diameter. 
Table.10 - V1*Tl versus equivalent bubble diameter. 
0.129 0.136 0.152 0.159 0.136 0.156 
0.128 0.089 0.132 0.125 0.119 0.101 
The result was found as E =1.33 and 
0.161 0.156 0.140 
0.094 0.092 0.091 
(9) 
By using the data obtained from the experiments, time interval versus bubble 
diameter was plotted for all bubble types according to equation (7). Figure 5.4b shows 
Tl versus Dl for single bubbles. Graphs for the other bubble types (DB coalescing 
below, at and above the tube) are provided in Appendix 1 in Figures 3 to 5. Graphs 
of all the bubble types are combined in. Figure 5.5 for the single bubbles and the 
leading bubbles of DB (Tl vs Dl) and in Figure 5.6 for the trailing bubbles of DB 
(T2 vs D2) with a standard error (S) of each curve . In Figure 5.5b, Tl vs Dl is 
plotted with the average values which are given in Table 5. 
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It can easily be concluded frqm the graphs that for single bubbles and the 
leading bubbles of coalescing bubble pairs, the time interval (Tl) does not · 
change very distinctively. In the case of a DB coalescing at the tube, T2 is rather 
consistent and has the smallest value (105 ms with a standard deviation of 9. 7) of all 
bubble types. This might be used as one of the useful criteria to check whether or not 
a DB coalesced at the tube. 
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Figure 5.4- a) Vl* Tl versus equivalent bubble diameter in the case of single 
bubbles b) Time interval versus bubble diameter in the case of single bubbles. 
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5.3. Maximum Energy Versus .Bubble Velocity 
Measurements have shown that an increase in bubble velocity causes the 
maximum energy to increase as well. This result can also be seen in the graphs 
provided in Figure 5.7 for single bubbles and in Figure 5.8 for double bubbles (DB) 
coalescing at the tube. Similar graphs for the other cases (DB coalescing below and 
above the tube) are given in Appendix 1 in Figures 6 and 7. 
In order to compare the relation between maximum energy and bubble 
velocity for all the bubble types, all the data collected from the measurements were 
combined in one graph given in Figure 5.9. By using the least squares curve fitting 
method, an exponential curve fit was provided for all the data and it was found that 
the relation between maximum energies and the wake velocities of the bubbles can be 
given as 
Maxen = 8.87*10-4*y1.35 (10) 
Furthermore, average values for each bubble type taken from Table 5 were 
shown in Figure 5.10 with the curve fit obtained from equation (10). 
It can be concluded from the graphs that energy transferred to the tube 
depends mostly on bubble velocity. When bubble velocity increases, energy transferred 
to the tube increases as well. In addition, when a bubble pair coalesces, energy 
transferred to the tube by the trailing bubble becomes much larger than that of the 
leading bubble, because, the trailing bubbles of bubble pairs have larger velocity 
values than the leading bubbles. However, energies transferred to the tube by the 
single bubbles and the leading bubbles of coalescing bubble pairs have values quite 
close to each other. 
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Figure 5. 7- Maximum energy versus bubble rise velocity in the case of single bubbles. 
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Figure 5.8- In the case of double bubbles coalescing at the tube, a) Maximum energy of 
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5.4. Impulse Versus Bubble Velocity 
' 
It was also observed that when bubble velocity increased, the total impulse 
imparted to the tube by the impact of the bubble increased as well. The graphs 
confirming this result are given in Figure 5.11 for single bubbles and in Figure 5.12 for 
double bubbles (DB) coalescing at the tube. Graphs for the other cases (DB 
coalescing below and above the tube) are provided in Appendix 1 in Figures 8 and 9. 
In order to compare the relation between impulse and bubble velocity for the 
various bubble types, all the data obtained from the measurements are combined in 
one graph given in Figure 5.13. A linear curve fit for all the data is also provided in 
the graph. In addition, average values for each bubble type are shown in Figure 5.14. 
In this figure, two different curves, plotted by using the least squares curve fitting 
method, are shown. In curve 1, the case of a DB coalescing at the tube is included 
while it is not included in curve 2. 
It can be concluded from the graphs that total impulse imparted to the tube 
by the trailing bubbles of coalescing bubble pairs is larger than that of the leading 
bubbles. In addition, in the case of a DB coalescing at the tube, the total impulse of 
the leading bubble has the smallest value while the total impulse of the traling bubble· 
has the largest value among all the bubble types. This result can be a very useful 
criterion to recognize a DB coalescing at the tube. 
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Figure 5.11- Impulse versus bubble rise velocity in the case of single bubbles. 
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5.5. Relation Between T2 and Maximum Energy and Impulse 
In order to observe the ·relation between T2 (time interval of the trailing 
bubble of a DB) and maximum energy and impulse due to bubble impact, the data 
obtained from the measurements and estimations were used to plot graphs for 
different bubble types. These graphs are given in Figures 5.15 (Impulsel versus T2) 
and 5.16 (Impulse2 versus T2) for impulses of the leading and the trailing bubbles, 
respectively, and in Figures 5.17 (Maxenl versus T2) and 5.18 (Maxen2 versus T2) 
for energies of the leading and the trailing bubbles of coalescing bubble pairs, 
respectively. 
It can be concluded from the graphs that T2 of a double bubble coalescing at 
the tube is quite consistent and is about 105 millisecond . ·In addition, in the case of a 
DB coalescing at the tube, the impulse of the leading bubble has smaller values and 
the impulse of the trailing bubble has larger values than those in the case of a DB 
coalescing above the tube. Finally, maximum energies of the trailing bubbles are 
larger than those of the leading bubbles for both cases of a DB coalescing at the tube 
and above the tube. 
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6. CONCLUSIONS 
The experimental work presented in this thesis is concerned with the analysis 
of the dynamic characteristics of bubble/tube impacts in a cold model fluidized bed. 
Bubbles were formed in the bed in such a way that either a bubble acted on the tube 
by itself (a single bubble) or a bubble pair coalesced in the bed in three different 
positions with respect to the tube ( a double bubble) : at the tube level, below the 
tube level and above the tube level. The analysis of these bubble types showed that 
different bubble types have different dynamic characteristics. 
When a double bubble (DB) coalesces, the trailing bubble moves with 
relatively high vertical velocity enabling it to catch the leading bubble. Furthermore, 
when a DB coalesces at the tube, the wake velocity of the trailing bubble is 
significantly larger than the wake velocities of the other bubble types. Measurements 
in this study show that the wake velocity of the trailing bubble of a DB coalescing at 
the tube is 2.6 times the velocity of the wake of a single bubble, in the case where the 
diameters of the single bubble and the leading bubble of the DB are the same. 
When a DB coalesces, the maximu~ energy transferred to the tube by the 
impact of the trailing bubble is always larger than that of the leading bubble or of a 
single bubble. It was also concluded that the energy transferred to the tube depends 
mostly on bubble velocity. Measurements show that because of its relatively high 
velocity, the trailing bubble of a DB coalescing at the tube imparts more energy to 
the tube than the other bubble types. 
It was observed that when a DB coalesces at the tube, the total impulse 
imparted to the tube by the leading bubble has the smallest value and the total 
-66-
impulse transferred to the tube by the trailing bubble has the largest value among all 
the bubble types. Because impulses of other bubble types have values close to each 
other, this result can be used to recognize a DB coalescing at the tube. 
The most distinct property involving time intervals of bubbles was observed in 
the case of a DB coalescing at the tube. In this case, T2 is quite consistent, having a 
mean value of 105 ms with a standard deviation of 9.7. 
Previous experiments by Bayat [1] showed that the amount of damage on a 
tube surface by an impacting bubble is related to the energy of impact and this 
depends on the velocities with which the wake strikes the tube. Measurements in this 
study show that a DB coalescing at the tube has the largest wake velocity and it 
transfers more energy to the tube than the other bubble types. Therefore~ it can be 
interpreted that a DB coalescing at the tube is more damaging to the tube than the 
other bubble types. Furthermore, a DB coalescing above and a DB coalescing below 
the tube can be ranked as the second and the third most damaging, respectively, 
bubble types to the tube. It can finally be said that a single bubble is the least 
damaging bubble type. 
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APPENDIX 1 
Figures 1 and 2 : Bubble velocity versus bubble diameter 
Figures 3 to 5 : Bubble time interval versus bubble diameter 
Figures 6 and 7 : Maximum energy versus bubble velocity 
Figures 8 and 9 : Impulse versus bubble velocity 
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Figure. 2- In the case of double bubbles coalescing above tube level, a) Wake velocity of leading bubble upon impact with the tube versus diameter of leading bubble. b) Wake 
velocity of trailing bubble upon impact with the tube versus diameter of trailing bubble. Velocities and diameters were measured below the tube level just prior to impact. 
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Figure. 3- Bubble time interval versus bubble diameter in the case of double bubbles 
coalescing below the tube. 
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Figure. 5- In the case of double bubbles coalescing above the tube, a)Time interval of 
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Figure. 6- Maximum energy versus bubble wake velocity in the case of double bubbles 
coalescing below the tube. 
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Figure. 8- Impulse versus bubble wake velocity in the case of double bubbles coalescing 
below the tube. 
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Figure. 9- In the case of double bubbles coalescing above the tube, a) Impulse of leading 
bubble versus wake velocity of leading bubble. 
wake velocity of trailing bubble. 
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